Summary.
Immunocytochemical studies were carried out on the morphological relation between primary afferent central terminals (C-terminals) and GABAergic neurons in the mouse superficial dorsal horn. The superficial dorsal horn is composed of many synaptic glomeruli comprising two types: Type I with centrally located CI-terminals surrounded by several dendrites and few axonal endings, and Type II with centrally located Cu-terminals surrounded by several dendrites and a few axonal endings. The CI-terminals are sinuous or scalloped with densely packed agranular synaptic vesicles, a few granular synaptic vesicles and mitochondria, and show an electron dense axoplasm, whereas the Cu-terminals are large and round or rectangular with evenly distributed agranular synaptic vesicles, a number of granular synaptic vesicles and mitochondria, and show an electron opaque axoplasm.
The immunoreaction of GABA was remarkable in the superficial laminae of the dorsal horn. Many interneuronal somata in the substantia gelatinosa showed GABAergic immunoreactivity.
The immunoreaction was seen in the entire GABAergic neuroplasm, but not in the nucleus and its envelope. Most GABAergic features appeared as dendrites making postsynaptic contact with CI-or Cu-terminals;
i. e., numerous The superficial dorsal horn is important for the modulation of pain transmission from the periphery (CERVERO, 1986 (CERVERO, , 1989 . GABA (y-aminobutyric acid) is known as a presynaptic inhibitory transmitter (ECCLES et al., 1963; LEVY, 1977) . Accordingly in the last ten years many studies have focused on the immunocytochemical identification of GABAergic neurons in the spinal dorsal horn. The results of most studies are consistent with the conclusion that the substantia gelatinosa is rich in GABAergic boutons and that these are presynaptic to the primary afferent central terminals (C-terminals) conveying nociceptive impulses.
The C-terminals in the superficial dorsal horn are classified into two types: CI-terminals, which are considered to be central terminals of unmyelinated afferent fibers, and CII-terminals, considered to be fine myelinated afferents (RIBEIRO-DA-SILVA and COIMBRA, 1982) . We demonstrated the same types of C-terminals in the mouse superficial dorsal horn (HIURA et al., 1990) . Recently, there have been a few reports on the morphological relationship between GABAergic neurons and C-terminals. TODD and LOCHHEAD (1990) GABAergic terminals and CI-terminals by immunogold labeling. CARLTON and HAYES (1990) clearly demonstrated many GABAergic dendrites making postsynaptic contact with C-terminals in the monkey spinal dorsal horn. KADURL et al. (1987) identified GABAergic neurons in the mouse spinal cord using an antibody to GABA, but did not refer to the synaptic relationship between GABAergic boutons and C-terminals in the superficial laminae (1-111) of the dorsal horn.
In this study, we examined the GABAergic neurons in the mouse superficial dorsal horn with special interest given to the anatomical relationship between GABAergic dendrites or boutons and the synaptic glomeruli with C-terminals.
MATERIALS AND METHODS
Adult DDY mice under Nembutal anesthesia were perfused through the left ventricle with saline followed by fixative of 1% paraformaldehyde and 0.5% glutaraldehyde in 0.1M phosphate buffered saline (PBS, pH 7.4). The lumbar spinal cord was then excised and immersed in the same fixative for 1h at 4C. Sections of 50um were cut in a Vibratome (Lancer) and stored in the buffer. The sections were treated with primary rabbit anti-GABA (SFRI-Laboratory, France) antibody diluted 1: 1500 with phosphate buffer at 4C overnight with constant agitation. The sections were then washed and treated with antirabbit IgG (biotinylated secondary antibody) for 1h at room temperature.
They were then processed by the ABC (avidine-biotin-complex) method for 1h at room temperature.
Finally, they were treated with 0.2% DAB containing 0.05% H2O1 in Tris buffer (pH 7.2). The reaction was stopped by the addition of buffer, and the sections were postfixed in 1% OS04 for 1h at VC. The specimens were then dehydrated and routinely processed for electron microscopy. As controls, some sections were incubated in PBS instead of the primary antibody, and then processed in the same way (BELTZ and BURD, 1989) .
We also examined the synaptic glomeruli in the superficial dorsal horn of normal mice to compare their features with those of the immuno-stained specimens.
RESULTS
Two types of synaptic glomeruli could be seen in the normal mouse superficial dosrsal horn: Type I glomeruli had centrally located CI-terminals with closely packed agranular synaptic vesicles, and were surrounded by several dendrites and axonal endings ( Fig. la, b) . Type II synaptic glomeruli had centrally located CII-terminals with evenly distributed agranular synaptic vesicles and many mitochondria, and were surrounded by dendrites and a few axonal endings containing many round or discoid synaptic vesicles (Fig. lc, d ).
Marked GABA immunoreactivity was observed in the superficial laminae of the dorsal horn (Fig. 2) , but none was detected in this area of the control sections (Fig. 2) . Many round or fusiform GABAergic somata were seen in the substantia gelatinosa (Fig. 3a, b) . The immunoreactivity of the GABAergic interneurons was distributed throughout the neuroplasm as granular like deposits and was present on the mitochondrial membrane, but was not detected in the nucleus and nuclear envelope (Figs. 3, 6 ). Numerous GABAergic dendrites or axon terminals (boutons) making contact with C-terminals were seen in the superficial dorsal horn. Large GABAergic dendrites making postsynaptic contact with CII-terminals were observed in the more superficial region (Fig. 5a-d) . On the other hand, GABAergic dendrites making postsynaptic contact with CI-terminals were seen in the substantia gelatinosa (Fig. 4a, b) . Small GABAergic axon terminals made symmetrical or postsynaptic contact with CI-and CII-terminals, especially the latter (Figs. 4a, 5a, c) . The immunoreactivity in GABAergic dendrites and boutons was seen over the round synaptic vesicles and mitochondrial membranes. A few GABA positive soma receiving postsynaptic contact from non-reactive CH-terminals could be seen (Figs. 3b, 6) Small GABAergic figures were observed to terminate near blood capillaries (Fig. 8) . We identified these terminals as GABAergic neurons because of their including many GABA-positive synaptic vesicles. They were in close contact with the basal lamina of the capillary (Fig. 8a) , while forming a terminal swelling (Fig. 8b) . These GABAergic terminals made a rather coarse innervation around the blood capillary.
No GABA positive features could be seen in Type I or Type II synaptic glomeruli in control sections (Fig. 7) .
DISCUSSION
As reported by RIBEIRO-DA-SILVA and COIMBRA (1982) , CI-terminals appeared sinuous or scallop-shaped with closely packed agranular synaptic vesicles, and few mitochondria in the electron-dense axoplasm, whereas C11-terminals were seen as large rectangular or round profiles with evenly distributed agranular synaptic vesicles, many granular synaptic vesicles and mitochondria in electron lucent axoplasm. However, as we observed previously (HIURA et al., 1990) CI-terminals are not always electron dense, even in adults. Furthermore, not the all CH-terminals RIBEIRO-DA-SILVA and COIMBRA (1982) . GABA immunoreactivity was marked in the superficial laminae of the dorsal horn, as has been reported by many others (MCLAUGHLIN et al., 1975; BARBER et al., 1978 BARBER et al., , 1982 MAGOUL et al., 1987; KADURI et al., 1987; MERIGHI et al., 1989; TODD and MCKENZIE, 1989; CARLTON and HAYES, 1990 ; TODD and LOCHIIEAD, 1990). Since no non-specific GABA immunoreactivity was detected in control specimens, this GABA immunoreaction is believed to be specific for neurons containing GABA. The GABA immunoreactive subcellular organellae were round synaptic vesicles, and mitochondrial membranes. These GABA-positive sites coincide with those reported by others (MC-LAUGHLIN et al., 1975; BARBER et al., 1978; MAGOUL et al., 1987; KADURI et al., 1987; MERIGHI et al., 1989; CARLTON and HAYES, 1990) . In particular, MERIGHI et al. clearly demonstrated GABA immunogold colloidal particles over small clear vesicles. In the GABA positive somata, immunoreactivity was distributed throughout the neuroplasm as granular deposits, but was not seen in the nucleus or its envelope. In contrast, MAGOUL et al. (1987) , KADURI et al. (1987), and CARLTON and HAYES (1990) observed GABA immunoreactivity in the nucleus. The reason for this difference may have been insufficient infiltration of the antibody into the tissue in our study.
Previously, GABA-positive terminals in the superficial laminae of the dorsal horn were described as presynaptic to the primary afferent central terminals, other axonal terminals, dendrites and soma (MCLAUGHLIN et al., 1975; BARBER et al., 1982; MAGOUL et al., 1987; TODD and LOCHHEAD, 1990) . Recently TODD and LOCHHEAD (1990) demonstrated GABA immunoreactive dendrites, but they did not report details of the synaptic relationship between GABAergic dendrites and C-terminals. They inferred that GABA-positive boutons and dendrites indicate presynaptic axoaxonic or dendroaxonic synapses with the unmyelinated primary afferent central terminals. CARLTON and HAYES (1990) also demonstrated many GABAergic dendrites in the laminae I-III of the monkey dorsal horn. They also showed that most GABAergic dendrites are postsynaptic to the three types of primary afferent central terminals. Therefore, they proposed that neurocircuity was involved in primary afferent depolarization (PAD) by GABAergic dendrites via primary afferent facilitation. In the present study, we recognized many GABA immunoreactive dendrites making postsynaptic contact with CI-and CII-terminals. Thus, GABAergic neurons in the superficial dorsal horn of the mouse closely resemble those of the monkey. Probably, postsynaptic dendrites of GABAergic neurons have not been detected previously because the terminals are difficult to find by the degeneration method (BARBER et al., 1978) or because of the presence of dendrites containing vesicles in the dorsal horn, as pointed out by CARLTON and HAYES (1990) . Two types of GABAergic features were distinguishable: large GABA positive dendrites making postsynaptic or symmetric contact with C-terminals, and small GABA-positive axon terminals making symmetrical or postsynaptic contact with CI-or CIIterminals, especially the latter. The origin of the GABAergic dendrites and boutons is unknown. TODD and MCKENZIE (1989) reported that 24-33% of the neurons in laminae I-III are GABAergic; thus, many GABAergic features may be derived from intrinsic interneurons of the superficial dorsal horn.
GABA is thought to be an inhibitory neurotransmitter in the central nervous system (CNS) (ECCLES et al., 1963; LEVY, 1977) . UCHIZONO (1965) stated that terminal boutons containing discoid synaptic vesicles are inhibitory in nature. BARBER et al. (1978) reported that GABA-positive boutons include discoid vesicles, but in many studies GABA immunoreactivity was detected in terminals containing round clear vesicles Fig. 9 . Diagram indicating the modulation and relation of nociceptive information in the superficial dorsal horn. The mechano-receptive C-terminals form presynaptic contact with GABAergic interneuronal soma, its dendrites and boutons, and facilitate them. The facilitated GABAergic neuron then induces primary afferent depolarization of the nociceptive C-terminals, thereby reducing the excitability of the nociceptive relaying neurons. Thus, a decreased nociceptive impulse will be relayed to the thalamus.
The position of the relaying neuron (R) in the dorsal horn is now speculative. A axon, D dendrite, DRG dorsal root ganglion neuron, E excitatory, G GABAergic interneuron, HF hair follicle, I inhibitory, MR mechano-receptive fiber, NC nociceptive fiber, R relaying neuron, STP spinothalamic pathway, TDIP tonic descending inhibitory pathway. (MCLAUGHLIN et al., 1975; BARBER et al., 1978; MAGOUL et al., 1987; MERIGHI et al., 1989; TODD and LOCHHEAD, 1990; CARLTON and HAYES, 1990 ; the present observation).
Thus the shape of synaptic vesicles is probably not related to the type of transmitter substance or its synaptic action (BARBER et al., 1978) .
Capsaicin specifically affects nociceptive primary afferent fibers. Since capsaicin selectively destroys CI-terminals in the substantia gelatinosa, CIterminals are considered to be the central terminals of nociceptive primary afferents (RIBEIRO-DA-SILVA and C0IMBRA, 1984) . On the other hand, CII-terminals without neurofilaments are considered to be central terminals of small myelinated fibers showing little degeneration after capsaicin treatment (RIBEIRO-DA-SILVA and COIMBRA, 1982, 1984) . It has been well established that thin myelinated and unmyelinated fibers mainly terminate in the superficial dorsal horn as shown in anatomical (LIGHT and PERL, 1977; RIBEIRO-DA-SILVA and C0IMBRA, 1982) and physiological (LIGHT et al., 1979) studies. Moreover, LIGHT et al. (1979) demonstrated that myelinated and C-fibers of cutaneous innocuous mechanoreceptors predominantly terminate in the substantia gelatinosa. Most of the fine myelinated fiber axons originate from hair receptors and carry more than one type of sensory information (BURGESS and PERL, 1967) . A study on iontophoretic injection of HRP into hair follicle afferent fibers with immunocytochemical staining of the yaminobutyric acid decarboxylase (GAD), responsible for synthesizing GABA, revealed that hair follicle afferent central terminals in the dorsal horn make postsynaptic contact with GAD-positive boutons (MAxELL and NOBLE, 1987) . However, the morphological characterization of pre-and postsynaptic terminals and the relationship between them was not clear in that study. Furthermore, it is known that nociceptive information is modulated by primary afferent fibers in the superficial dorsal horn (CERVERO, 1986; STEEDMAN and MOLONY, 1987; STEEDMAN, 1989) . From these previous findings and the present study, we propose that C-terminals of mechanoreceptive primary aff erents facilitate the GABAergic neurons, and result in primary afferent deporalization (PAD) of nociceptive primary afferent fibers (Fig. 9) . Consequently, closing the gate in the superficial dorsal horn as proposed by MELZACK and WALL (1965) and WALL (1978) appears to result in analgesia. These findings seem to demonstrate the anatomical basis for the gate control theory that nociceptive information is modulated by primary afferent fibers in the spinal dorsal horn.
Some small terminals including GABA-positive synaptic vesicles terminated on blood capillaries. So far as we know, GABA has not been considered to have a vasomotor function. BARBER et al. (1982) demonstrated GABAergic cerebrospinal-contacting neurons among the rat spinal cord ependymal cells surrounding the central canal. They suggested a neuroendocrine modulation of these neurons in the spinal cord. It is believed that the GABAergic neurons innervating the blood capillaries demonstrated in the present study seem to be neurosecretory rather than vasomotor in nature. The functional significance of GABA presumably conveyed via blood circulation remains to be determined. This is the first demonstration of an anatomical basis for the gate control theory and of the GABAergic innervation of the blood capillary.
GABAergic innervation of the mouse spinal cord using
